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HIGHLIGHTS 


•  The  LiV3Os/polythiophene  composite  has  been  firstly  synthesized  and  investigated. 

•  LiV3Os/polythiophene  composite  shows  the  excellent  electrochemical  performance. 

•  Polythiophene  coating  improve  electrochemical  performance  of  LiV3Os  significantly. 
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LiV3Og/polythiophene  (LiV308/PTh)  composite  has  been  chemically  synthesized  via  an  in-situ  oxidative 
polymerization  method.  The  structure  and  morphology  of  the  samples  have  been  characterized  by  X-ray 
diffraction  (XRD),  Fourier  transform  infrared  spectroscopy  (FTIR),  scanning  electron  microscopy  (SEM) 
and  high-resolution  transmission  electron  microscopy  (HRTEM).  LiV3Og/PTh  composite  shows  a  single 
phase  in  the  XRD  pattern,  but  the  existence  of  PTh  has  been  confirmed  by  FTIR  spectra.  HRTEM  images 
show  that  an  uniform  PTh  layer  with  a  thickness  of  3-5  nm  covered  on  the  surface  of  LiV3Og.  Electro¬ 
chemical  performance  of  samples  has  been  characterized  by  the  charge/discharge  test,  cyclic  voltam¬ 
metry  (CV),  electrochemical  impedance  spectroscopic  studies  (EIS)  and  galvanostatic  intermittent 
titration  technique  (GITT).  The  LiV3Og/PTh  composite  exhibits  much  better  electrochemical  performance 
than  bare  LiV308.  The  initial  discharge  capacities  of  15  wt.%  LiV3Og/PTh  composite  are  213.3 
and  200.3  mAh  g  1  with  almost  no  capacity  retention  after  50  cycles  at  current  densities  of  300  and 
900  mA  g  respectively.  PTh  could  enhance  electronic  conductivity,  decrease  the  charge  transfer 
resistance,  increase  the  lithium  diffusion  coefficient,  and  thus  improve  cycling  performance  of  LiV3Og.  All 
these  results  demonstrate  that  the  LiV3Og/PTh  composite  has  a  promising  application  as  cathode  ma¬ 
terial  for  lithium  ion  batteries. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  the  rapid  development  of  portable  devices  and  hybrid 
electric  vehicles,  lithium  ion  batteries  (LIBs)  are  widely  considered 
to  be  the  most  promising  electrochemical  energy  storage  and 
transfer  systems  [1,2],  Although  the  current  LIBs  exhibit  superior 
energy  density,  cycle  stability  and  rate  capability  in  comparison 
with  other  rechargeable  batteries,  such  as  silver-zinc  and  nickel- 
metal-hydride,  their  electrochemical  performance  have  scarcely 
been  improved,  because  of  the  limited  theoretical  capacity  for  these 
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cathode  materials  (LiCoC>2,  LiMn204,  and  LiFePO/})  [3].  Therefore, 
developing  novel  cathode  materials  are  significant  and  these 
researches  have  been  carried  out  extensively  in  recent  years. 

The  lithium  vanadium  oxide  (LiV3Os)  is  well-known  as  a 
promising  cathode  material  for  LIBs  due  to  its  high-specific 
capacity,  good  structural  stability,  low  cost  and  good  safety  fea¬ 
tures  [4-6],  It  is  known  to  all  that  the  preparation  methods  as  well 
as  the  material’s  morphology  can  strongly  influence  the  electro¬ 
chemical  performance  of  LiV3Os  electrode,  in  aspects  such  as 
charge— discharge  capacity,  rate  capacity,  cycling  stability,  etc  [7,8], 
Up  to  now,  nanoscale  and  well-ordered  structures  with  various 
morphologies  of  LiV308  materials  have  also  been  studied  exten¬ 
sively,  for  instance,  nanorods  [9],  nanosheets  [10],  and  nanotubes 
[11],  The  nanomaterials  provide  short  diffusion  pathways  for 
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lithium  ion  insertion  and  extraction  reactions,  together  with  high 
specific  surface  areas,  which  can  increase  the  contact  between  the 
active  material  and  the  electrolyte  [12],  However,  because  of  the 
phase  transformation  during  cycling  and  dissolution  of  small 
quantity  of  LiX^Os  in  the  electrolyte,  bare  LiX^Os  exhibits  poor  rate 
capability  and  serious  capacity  fade  during  cycling,  which  restricts 
its  application  in  rechargeable  LIBs  [13],  Therefore,  many  other 
strategies,  such  as  structural/morphological  modification  by 
coating,  have  been  suggested  to  further  enhance  the  electro¬ 
chemical  performance  of  LiX/308. 

As  has  been  reported  in  previous  publications,  coating  is  an 
effective  method  to  improve  the  electrochemical  performance  of 
LiV308  [14-16],  The  coating  layers  are  able  to  enhance  the  elec¬ 
tronic  conductivity,  inhibiting  the  phase  transition,  increasing 
structural  stability,  decreasing  active  material  dissolution,  which 
consequently  leads  to  a  remarkable  improvement  in  reversible 
capacity,  rate  capability,  cycle  stability  etc  [17,18],  For  example,  Jiao 
et  al.  have  demonstrated  that  1  wt.%  AIPO4  nanowires  coating 
effectively  improved  the  cycling  performance  of  UV3O8  [14],  Idris 
et  al.  have  reported  that  LiX^Os/carbon  composite  revealed 
enhanced  rate  capability  [15],  Tian  et  al.  have  shown  that  the  rate 
capability  and  cycle  stability  of  LiV3Os  are  improved  by  Coo.5sNio.42 
oxide  nanoneedles  coating  [19], 

More  recently,  the  use  of  conducting  polymer  and  vanadium 
oxide  composite  materials  as  electrodes  is  of  great  interest  to 
improve  the  capacity,  cycle  stability  and  conductivity  [20—23], 
Different  from  other  coating  materials  (A1P04  [14],  Carbon  [15],  ZnO 
[16],  Coo.58Nio.42  [19]),  conductive  polymers  can  not  only  suppress 
the  dissolution  of  active  materials  into  the  LiPF6  electrolyte  and 
improve  the  electrical  conductivity  of  LiX^Os  significantly,  but  also 
participate  electrochemical  reaction  during  cycling  and  contribute 


to  the  specific  capacity  of  the  composites,  which  make  them  to  be 
attractive  additive  materials  for  LIBs.  To  date,  vanadium-based 
materials  combined  with  polymers,  such  as  LiV3C>8/polypyrrole 
[8],  LiV^Os/polyaniline  [24],  V2C>5/polyaniline  [22],  V205/poly- 
pyrrole  [23]  and  Li3V2(P04)3/polyaniline  [25]  have  been  synthe¬ 
sized  and  showed  improved  cycling  performance  in  LIBs. 
polythiophene  (PTh)  is  a  promising  conducting  polymer,  a  coating 
of  PTh  on  the  particles  would  increase  the  electronic  conductivity  of 
active  material.  Moreover,  PTh  also  has  electrochemical  activity  and 
contributes  to  the  specific  capacity  of  the  composites  [26], 
Compared  with  polypyrrole  and  polyaniline,  PTh  has  a  higher 
conductivity  and  better  coulombic  efficiency  [27],  These  advan¬ 
tages  make  PTh  more  suitable  as  the  coating  material  to  improve 
the  electrochemical  properties  of  LiV^Os.  However,  to  the  best  of 
our  knowledge,  though  many  researches  about  LiV30s/polymer 
have  been  reported,  there’re  few  reports  about  LiX^Os/PTh. 

Hence,  we  designed  and  demonstrated  a  facile  method  to 
fabricate  LiV^Os/PTh  in  this  study.  The  scheme  of  this  study  can  be 
illustrated  by  Fig.  1.  As  shown  in  Fig.  la,  during  the  intercalation 
process,  the  electrons  cannot  reach  all  the  positions  where  lithium 
ion  intercalation  takes  place,  thus  results  in  polarization  of  the 
electrode.  However,  full  coating  with  conducting  polymer  can  form 
a  conductive  network,  which  ensures  LiX^Os  nanofibers  get  elec¬ 
trons  from  all  directions,  consequently  alleviates  this  polarization 
phenomenon  (Fig.  lb).  This  method  may  provide  a  possible 
polymer-coating  synthesis  route  that  can  be  extended  to  many 
other  materials.  We  focus  on  discussing  the  electrochemical  per¬ 
formance  of  LiVsOs/PTh  as  cathode  materials  for  LIBs  and  simul¬ 
taneously  try  to  probe  the  specific  interactions  between  the  PTh 
and  LiX^Os,  and  how  these  interactions  contribute  to  enhance  the 
properties  of  LiV30s. 


Fig.  2.  Preparation  processes  of  polythiophene-LiV3Os  1 
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composite,  (b)  DTA  curves  of  PTh  power  and  15  wt.%  LiV3Og/PTh  composite. 
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Fig.  4.  XRD  patterns  of  standard  LiV308  (PDF:  72-1193),  LiV308  and  15  wt.%  LiV308/PTh 
composite. 


4000  3500  3000  2500  2000  1500  1000  500 


wave  number  /  cm'1 

Fig.  5.  FT— IR  spectra  measured  on  the  KBr-diluted  pellets  of  PTh,  UV308,  and  15  wt.% 
LiV308/PTh  composite. 

2.  Experimental 

2.1.  Preparation  of  cathode  materials 

LiV3C>8  was  synthesized  by  a  classic  peroxide  sol-gel  method 
[6],  Ten  percent  (v/v)  peroxide  solution  was  slowly  added  to  a 
reaction  vessel  with  a  certain  amount  of  V2O5,  and  the  obtained 
solution  was  vigorously  stirred  for  2  h  at  room  temperature  to  get  a 
clear  orange  solution.  Then,  stoichiometric  amounts  of  LiOH  solu¬ 
tion  were  added  to  the  above  orange  solution  with  vigorous  stir¬ 
ring.  The  resulting  solution  was  maintained  at  80-90  °C  under 
stirring  until  Red-brown  viscous  gel  was  formed.  The  gel  was  dried 
in  a  vacuum  oven  at  120  °C  for  24  h  and  then  put  into  a  tube  oven 
for  calcination  at  300  °C  for  16  h  in  air.  Lastly,  products  were  cooled 
and  ground  to  fine  polycrystalline  reddish  brown  powders. 

LiV308/PTh  composite  was  synthesized  by  an  in-situ  chemical 
oxidative  polymerization  method  (shown  in  Fig.  2).  LiV3C>8  was 
dispersed  into  50  mL  CHC13  solutions,  forming  LiV3Os  and  CHC13 
suspension.  The  suspension  was  magnetically  stirred  at  0  °C  for 
30  min.  Afterward,  the  thiophene  monomer  (15  wt.%)  was  injected 
into  the  suspension,  then  50  mL  FeCl3  (4:1  m  m  ’  FeCl3/thiophene) 
solution  was  added  dropwise  to  the  suspension.  The  suspension 
was  kept  stirring  at  0  °C  for  6  h.  Afterward,  thiophene  was  poly¬ 
merized  in-situ  on  the  surface  of  LiV308  to  form  a  red-brown 
polythiophene  shell  that  can  both  effectively  restrict  the  aggrega¬ 
tion  of  LiV3C>8  particles  and  improve  the  electrical  conductivity. 
After  polymerization,  the  final  LiV3C>8/PTh  product  was  filtered, 
washed  with  deionized  water  and  ethanol  alternately  for  several 
times.  Finally,  the  red-brown  mass  was  dried  at  80  °C  for  12  h  in  an 
oven  to  obtain  the  15  wt.%  LiV3Os/PTh  powder.  The  preparation  of 
other  LiV3Os/PTh  composite  (10  and  20  wt.%)  is  similar  to  the  above 
process  except  for  the  amounts  of  the  thiophene  monomer  10  and 
20  wt.%,  respectively. 

2.2.  Materials  characterization  and  electrochemical  measurements 

The  amount  of  polythiophene  in  LiV3C>8/PTh  composite  was 
determined  by  thermogravimetric  analysis  (TGA)  and  differential 
thermal  analysis  (DTA).  Thermogravimetric  analysis  was  carried 
out  in  a  thermogravimetric— differential  thermo  analyzer  (Standard 
Type  High  temp.  Type,  Rigaku)  in  air  and  the  samples  were  heated 
from  room  temperature  to  500  °C  at  a  slow  scan  rate  of  5  °C  min-1. 
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Fig.  6.  SEM  (a),  TEM  (b),  HRTEM  (c)  and  SAED  (d)  images  of  bare  UV308,  SEM  (e),  TEM  (f),  HRTEM  (g)  and  SAED  (h)  images  of  15  wt.%  LiV30s/PTh  composite. 


The  structures  of  synthesized  samples  were  characterized  by 
X-ray  diffraction  and  FT— IR  spectra.  X-ray  powder  diffraction  data 
were  obtained  using  a  Rigaku  D/MAX-2500  powder  diffractometer 
with  a  graphite  monochromatic  and  Cu  Ka  radiation 
(2  =  0.15418  nm)  in  the  26  range  of  10—80°.  FT— IR  spectra  were 
recorded  with  Perkin— Elmer  Spectrum  one  FT— IR  spectropho¬ 
tometer  using  KBr  pellets  in  the  region  4000—400  cm-1. 

Scanning  electron  microscope  (SEM)  images  of  the  samples 
were  collected  using  a  JEOL  JSM-6610  scanning  electron  micro¬ 
scope,  which  were  used  to  observe  the  particle  morphology,  par¬ 
ticle  size  and  particle  size  distribution.  High-resolution 
transmission  electron  microscopy  (HRTEM)  and  selected-area 


electron  diffraction  (SAED)  measurements  were  carried  out  using 
a  JEOLJEM-2100F  transmission  electron  microscope  at  an  acceler¬ 
ation  voltage  of  200  kV. 

The  cathodes  for  lithium  cells  were  fabricated  by  mixing  the 
cathode  material,  carbon  black,  and  Polyvinylidene  fluoride  (PVDF) 
binder  with  a  weight  ratio  of  85:10:5  in  N-methyl  pyrrolidinone, 
which  were  then  pasted  on  an  aluminum  foil  followed  by  drying 
under  vacuum  at  110  °C  for  12  h.  The  testing  cells  were  assembled 
with  the  cathodes  thus  fabricated,  metallic  lithium  anode,  Celgard 
2300  film  separator  and  1  M  LiPFg  in  1:1  ethylene  carbonate  (EC)/ 
dimethyl  carbonate  (DMC)  electrolyte.  The  assembly  of  the  testing 
cells  was  carried  out  in  an  argon-filled  glove  box,  where  water  and 
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oxygen  concentration  were  kept  less  than  5  ppm.  The  discharge- 
charge  cycle  tests  were  run  at  different  current  densities  of  1  C  and 
3  C  (300  mA  g  1  was  assumed  to  be  1  C  rate)  between  4.0  and  1.8  V. 
All  the  tests  were  performed  at  room  temperature. 

Cyclic  voltammetry  (CV)  tests  and  EIS  experiments  were  per¬ 
formed  on  a  Zahner  Zennium  electrochemical  workstation.  CV  tests 
were  carried  out  at  a  scan  rate  of  1  mV  s-1  on  the  potential  interval 
1.8— 4.0  V  (vs.  Li+/Li).  The  ac  perturbation  signal  was  ±5  mV  and  the 
frequency  range  was  from  100  mHz  to  100  KHz.  Galvanostatic 
intermittent  titration  technique  (GITT)  was  employed  at  a  pulse  of 
0.01  C  for  10  min  and  with  60  min  interruption  between  each  pulse. 

3.  Results  and  discussion 

3.1.  Characterization  of  LiV^Og/PTh  composite 

To  estimate  the  amount  of  polythiophene  in  the  15  wt.%  LiV308/ 
PTh  composite,  thermogravimetric  (TGA)-differential  thermal 
(DTA)  analyses  were  carried  out  in  an  air  atmosphere.  Fig.  3a  shows 
the  TGA  analysis  curves  of  the  15  wt.%  LiV3Os/PTh  composite  along 
with  those  of  bare  LiV3Os  and  PTh.  It  can  be  found  that  there  is  no 
weight  loss  for  bare  LiV3Os  until  500  °C,  while  PTh  begins  to 
decompose  around  280  °C  and  completely  disintegrates  at  460  °C. 
Therefore,  for  the  15  wt.%  LiV3Os/PTh  composite,  the  main  loss  from 
280  to  500  °C  is  assigned  to  the  degradation  of  PTh,  and  the 
approximate  weight  contents  of  polythiophene  in  the  composite 
are  12.3  wt.%.  The  amount  of  polythiophene  in  10  wt.%  PTh-LiV308 
composite  and  20  wt.%  PTh-LiV3Os  composite  are  8.2  wt.%  and 
18.3  wt.%,  respectively  (see  Fig.  SI  in  Supporting  Information). 
Fig.  3b  shows  the  DTA  thermograms,  which  measure  the  thermal 
transitions,  for  PTh  power  and  15  wt.%  LiV3Os/PTh  composite. 


All  the  samples  exhibit  exothermic  transitions  are  peaking  between 
250  and  500  °C,  which  was  attributed  to  the  degradation  of  the 
polythiophene  [28],  and  the  results  are  consistent  with  the  TGA 
curves. 

The  X-ray  diffraction  (XRD)  measurement  has  been  used  to 
study  the  phase  structure  of  the  sample.  Fig.  4  shows  XRD  patterns 
of  the  LiV308  and  the  15  wt.%  LiV308/PTh  composite.  Both  samples 
show  good  crystal  structure.  Almost  all  of  the  diffractive  peaks  are 
well  attributed  to  the  monoclinic  LiV3Os  structure  with  the  space 
group  P21/m  (JCPDS:  72-1193).  The  15  wt.%  LiV308/PTh  composite 
also  can  be  attributed  to  LiV3Os  structure  well,  and  the  PTh  phase  is 
not  observed  in  this  pattern.  Besides,  it  is  noted  that  a  redundant 
diffraction  peak  corresponding  to  (001)  diffraction  direction  of 
U0.04V2O5  appears  in  LiV308  and  15  wt.%  LiV3Os/PTh  samples, 
indicating  that  a  small  part  of  the  raw  material  did  not  react 
completely  during  the  synthesis  process.  It  is  known  that  Lio.o4V20s 
shows  a  much  higher  lithium  ion  diffusion  coefficient  than  LiV3Os 
and  also  possesses  good  electrochemical  properties  [29,30],  So  this 
impure  phase  will  not  influence  the  electrochemical  performance 
of  LiV3C>8  and  15  wt.%  LiV3Os/PTh.  The  XRD  patterns  of  10  wt.% 
LiV308/PTh  composite  and  20  wt.%  LiV3Os/PTh  composite  (Fig.  S2  in 
Supporting  Information)  are  similar  to  15  wt.%  LiV3Os/PTh  in  Fig.  4. 

FT— IR  analysis  was  conducted  to  confirm  the  existence  of  PTh  in 
the  composite.  FT— IR  spectra  of  LiV3Os,  PTh  and  15  wt.%  LiV3Os/PTh 
composite  are  shown  in  Fig.  5.  The  FT— IR  spectrum  of  bare  LiV3Os 
shows  the  characteristic  absorption  bands  of  the  V— O— V  and  V=0 
vibrations  observed  at  approximately  957,  747  and  557  cm-1  [31  — 
33].  The  band  around  957  cm^1  is  attributed  to  V=0  stretching 
vibration  [31].  The  band  around  747  cm-1  is  attributed  to  the 
symmetric  V— O— V  stretching  vibration  [32,33],  And  the  band 
around  557  cm-1  is  attributed  to  the  asymmetric  V— O— V  stretching 


122 


H.  Guo  et  al.  /  Journal  of  Power  Sources  247  (2014)  117-126 


0.6 

(b)  A 

^  0.4 

'o> 

-5  0.2 

c 

® 

t  0.0 

start 

0 

-0.2 

-0.6 

-0.8 

1 

5  2.0  2.5 

3.0  3.5  4.0 

Voltage/V  vi 

5.  Li+/Li 

0.8 

"(c) 

0.4 

T0) 

| 

^246/ 

2  0.0 

3 

0 

-0.4 

|  2.41  2-61/> 

\fT7Z 

2^44 

- LiV3Og 

- 15  wt.%  LiV308/PTh 

.n  ft 

"1.5  2.0  2.5 

3.0  3.5  4.0 

Voltage/V  vs.  Li+/Li 
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vibration  [31-33],  For  PTh,  the  characteristic  band  at  3450  cm-1  is 
attributed  to  the  O-H  stretching  vibration,  whereas  the  band  at 
1640  cm'1  is  normally  ascribed  to  the  O-H  bending  vibration  from 
crystal  or  adsorbed  water  molecules  [34],  The  band  located  around 
1384  cm-1  can  be  ascribed  to  C=C  symmetrical  stretching  vibra¬ 
tions  of  the  thiophene  ring  [35],  The  band  at  1112  cm'1  is 


Fig.  9.  Three-dimensional  Nyquist  plots  measured  for  LiV30s  (a)  and  15  wt.%  LiV30s/ 
PTh  composite  (b)  after  cycling  for  different  cycles  at  1  C;  the  equivalent  circuit  model 

(c). 


characteristic  of  Ca-Ca  vibrations  or  in-plane  C-H  aromatic 
bending  vibrations  [35,36],  The  Ca— Ca  conjunction  polymer  has 
good  conductivity  upon  the  maximum  overlap  of  the  C— C  interring 
carbon pz  orbitals  [37,38],  The  band  at  1031  and  783  cm-1  indicated 
a  Css-H  out-of-phase  bending  vibration  and  an  in-phase  bending 
vibration  [39],  Vibrations  between  950  cm-1  and  1450  cm'1  orig¬ 
inate  from  stretching  or  bending  bands  of  PTh  [35,36],  The  FT—  IR 
spectrum  of  15  wt.%  LiV308/PTh  composite  is  much  different  from 
that  of  bare  LiV308.  It  is  obvious  that  besides  the  characteristic 
absorption  bands  of  LiV3C>8, 15  wt.%  LiV308/PTh  composite  shows 
characteristic  absorption  bands  of  PTh  at  about  3450,  1640,  1384 
and  1031  cm'1.  The  FT— IR  spectrum  of  10  wt.%  PTh— LiV3Os  com¬ 
posite  and  20  wt.%  PTh— LiV3Os  composite  (see  Fig.  S3)  are  similar 
to  15  wt.%  LiV3Os/PTh  composite. 
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Table  1 

Rs  and  Ra  values  of  LiV308  and  15  wt.%  LiV308/PTh  composite  after  different  cycles. 
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MQ) 


Rct(fl) 


1st  10th  20th  30th  40th  50th  1st  10th  20th  30th  40th  50th 


LiV308  4.427  4.575  4.650  4.802  5.094  5.245  137.6  188.2  267.4  280.2  290.5  495.6 

15  wt.%  LiV308/PTh  2.979  2.992  3.013  3.157  3.204  3317  58.58  76.81  84.09  98.8  106.5  124.9 


The  particle  size  and  morphology  of  the  bare  UV3O8  and  15  wt.% 
LiV^Os/PTh  composite  were  characterized  by  SEM  and  TEM  in  Fig.  6. 
Bare  LiV30s  shows  a  nonuniform  morphology,  comprising  of 
differently  sized  secondary  particles  from  1  to  10  pm  with  a  rough 
surface  (see  Fig.  6a).  The  secondary  particles  are  composed  of  many 
primary  particles  with  nanofibers  morphology  (see  Fig.  6b),  which 


are  beneficial  for  lithium  ion  intercalation.  HRTEM  image  (Fig.  6c) 
taken  on  an  individual  nanofiber  displays  clear  crystal  lattices  with 
d-spacing  of  0.220  nm,  corresponding  to  (-301/-205)  planes  of 
monoclinic  LiV3C>8.  The  selected  area  electron  diffraction  (SAED) 
pattern  shown  in  Fig.  6d  indicates  that  the  nanofiber  is  monoclinic 
I2V3O8,  which  is  in  good  agreement  with  the  XRD  results  shown  in 


E(V) 


Fig.  10.  The  discharge/charge  GITT  curves  of  LiV308  (a)  and  15  wt.%  LiV308/PTh  composite  (b)  as  a  function  of  time  in  the  potential  range  of  1.8— 4.0  V;  E  vs  t  profile  of  LiV308/PTh 
electrode  for  a  single  GITT  during  discharge  process  at  3.28  V  with  schematic  representation  of  different  profile  parameters  (c);  linear  behavior  of  the  transient  voltage  changes  (£) 
vs  (t1/2)  during  a  single  titration  process  of  15  wt.%  LiV308/PTh  electrode  (d);  the  calculated  Du  from  the  GITT  data  for  LiV308  and  15  wt.%  LiV308/PTh  composite  as  a  function  of 
potential  during  discharge  process  (e). 
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Fig.  4.  The  SAED  pattern  shown  in  Fig.  6h  displays  three  ring  pat¬ 
terns  related  to  the  (-111),  (-301/-205)  and  (020)  planes,  corre¬ 
sponding  to  monoclinic  LiV308.  Fig.  6e  and  f  (and  Fig.  S4 
in  Supporting  Information)  indicates  that  the  particles  of  UV3O8/ 
PTh  composites  are  smaller  and  much  different  from  bare  UV3O8. 
This  is  may  be  due  to  the  Fe3+  on  the  outer  surface  of  Lil^Os  particle 
would  oxidize  the  thiophene  to  initiate  it’s  polymerization,  thus 
forming  a  red-brown  PTh  shell  (with  a  thickness  of  3-5  nm  covered 
on  the  surface  of  I2V3O8)  to  restrict  the  aggregation  of  LiY^Os  par¬ 
ticle,  which  is  beneficial  for  lithium  ion  diffusion  (see  Fig.  6f  and  g). 
Besides,  the  uniformly  distributed  PTh  formed  a  good  network  of 
electrically  conductive  paths  among  the  LiV3Os  particles,  which  are 
closely  interlinked  with  each  other.  So  active  LiV308  material  can 
get  electrons  from  all  directions  and  be  fully  utilized  for  lithium  ion 
insertion  and  extraction  reactions  (corresponding  with  Figs.l  and 
2).  All  these  above  indicate  that  the  introduction  of  PTh  can  not 
only  enhance  electron  transport  but  also  decrease  the  lithium  ion 
diffusion  length  by  restricting  the  aggregation  of  LiV3Os  particle. 

3.2.  Electrochemical  analysis  of  LiV^Og/PTh  composite 

The  lithium  ion  insertion  and  extraction  properties  in  the 
LiVsOs/PTh  composite  were  studied  in  order  to  examine  the 
effectiveness  of  PTh  in  improving  the  electrochemical  perfor¬ 
mance  of  LiV3C>8  electrode.  Fig.  7  shows  the  cycle  performance 
and  discharge/charge  profiles  (insets)  of  bare  LiV30s  and  15  wt.% 
LiV308/PTh  composite.  To  compare  with  the  LiV3Os  cathode 
conveniently,  the  specific  capacity  was  calculated  by  the  total 
mass  of  UV3O8  and  PTh  of  the  15  wt.%  LiV^Os/PTh  composite. 
UV3O8  shows  multiple  plateaus  in  discharge— charge  profiles, 
which  is  caused  by  the  lithium  ion  insertion/extraction  processes 
in  agreement  with  other  reports  [40-43],  This  is  a  characteristic 
performance  of  UV3O8  and  makes  against  its  application  in 
practice.  Three  discharge  plateaus  located  at  about  2.8,  2.5  and 

2.2  V  (vs.  Li+/Li)  can  be  identified  as  resulting  from  the  single¬ 
phase  insertion  process,  the  two-phase  transformation  from 
Li3V308  to  L4V3O8  and  the  slower  kinetic  insertion  process, 
respectively  [41  ].  It  is  shown  that  the  15  wt.%  LiV3Os/PTh  exhibits 
smaller  difference  between  charge  and  discharge  potential  pla¬ 
teaus,  indicating  lower  electrochemical  polarization.  Besides,  it  is 
striking  to  note  that  15  wt.%  LiV308/PTh  composite  shows  much 
better  electrochemical  performance  than  bare  LiV3Os.  As  shown 
in  Fig.  7a,  bare  UV3O8  shows  an  initial  discharge  capacity  of 
248.5  mAh  g-1  at  1  C,  but  the  capacity  rapidly  decreases  to 

105.2  mAh  g”1  after  50  cycles.  When  the  current  density  is 
increased  to  3  C,  the  initial  discharge  capacity  sharply  decreases 
to  87.7  mAh  g  \  and  the  capacity  declines  to  67.7  mAh  g  1  after 
50  cycles  (see  Fig.  7b).  Bare  LiV^Os  shows  poor  cycle  stability  and 
rate  capability.  PTh  coating  improves  the  electrochemical  per¬ 
formance  of  LiV3C>8  remarkably.  The  15  wt.%  LiV30s/PTh  com¬ 
posite  shows  an  initial  discharge  capacity  of  213.3  mAh  g-1, 

200.3  mAh  g-1  at  1  C,  3  C,  and  it  decreases  to  216.7  mAh  g_1, 
197.9  mAh  g_1  after  50  cycles,  respectively  (see  Fig.  7c  and  d), 
which  may  be  attributed  to  suppress  the  dissolution  of  active 
materials  into  the  LiPF6  electrolyte  and  improve  the  electrical 
conductivity  of  LiV308  significantly  [44],  10  wt.%  PTh-LiV308 
composite  and  20  wt.%  PTh-LiV30s  composite  both  shows  better 
electrochemical  performance  than  the  bare  LiV^Os  (see  Fig.  S5  in 
Supporting  Information).  However,  their  electrochemical  perfor¬ 
mance  are  poor  than  15  wt.%  PTh— LiV30s  composite.  It  is  mainly 
because  that  the  polythiophene  in  10  wt.%  PTh-LiV3Os  com¬ 
posite  is  not  enough  to  form  a  uniform  conductive  layer. 
In  addition,  the  capacity  of  20  wt.%  PTh— I2V3O8  composite  is 
lower  than  the  other  composites,  which  is  probably  due  to  that 
the  coating  layer  is  too  thick  to  hinder  lithium  ion  insertion  and 


extraction.  In  conclusion,  15  wt.%  LiV^Os/PTh  composite  performs 
remarkably  larger  discharge  capacity  and  much  superior  capacity 
retention,  suggesting  the  fascinating  superiority  of  15  wt.% 
LiVsOs/PTh  composite  as  cathode  materials  for  LIBs. 

Fig.  8  shows  Cyclic  voltammetry  (CV)  profiles  of  LiV30s  and 
15  wt.%  LiV30s/PTh  between  4.0  and  1.8  V  at  a  scanning  rate  of 
1  mV  s-1.  Multiple  anodic— cathodic  peaks  appear  in  the  plots  of 
LiV308  and  15  wt.%  LiV308/PTh,  which  indicate  multiple  charge- 
discharge  plateaus  originates  in  typical  lithium  insertion  and 
extraction  steps  of  IJV3O8  [45,46],  There  is  a  great  difference 
between  the  first  cycle  CV  curves  and  the  rest,  which  indicates 
some  structural  modifications  have  probably  taken  place  during  the 
first  charge  and  discharge  operations.  For  bare  LiV3Os,  the  intensity 
of  the  peaks  decreases  with  cycling,  indicating  poor  cycle  stability 
(see  Fig.  8a).  In  addition,  the  anodic  peak  potentials  shift  toward 
positive  obviously  with  the  increase  of  cycle  number.  However, 
with  cycle  increasing,  the  curves  of  15  wt.%  LiV3Os/PTh  are  nearly 
identical,  indicating  good  reversibility  (seen  Fig.  8b).  Fig.  8c  com¬ 
pares  the  third  CV  cycle  of  LiV3Os  and  15  wt.%  LiV308/PTh.  LiV3Os 
exhibits  two  oxidation  peaks  at  2.46  V  and  3.25  V,  and  four 
reduction  peaks  at  2.41  V,  2.61  V,  3.31  V  and  3.57  V,  corresponding 
to  the  extraction  and  insertion  of  lithium  ions  in  monoclinic  LiV3Os 
[41—43],  respectively.  This  is  corresponding  to  the  charge- 
discharge  profiles  of  LiVsOs  (see  Fig.  7).  However,  for  15  wt.% 
LiVsOs/PTh,  only  two  pairs  of  oxidation  peaks  (2.82  V  and  3.00  V) 
and  reduction  peaks  (2.44  V  and  2.73  V)  are  observed,  which  is 
corresponding  to  the  less  plateaus  of  15  wt.%  LiV308/PTh  in  charge- 
discharge  profiles  (see  Fig.  7),  which  is  benefit  for  application  in 
practice.  Besides,  as  shown  in  Fig.  8c,  the  potential  difference  be¬ 
tween  the  main  cathodic  peak  and  corresponding  anodic  peak  of 
15  wt.%  LiV30s/PTh  is  much  smaller  than  that  of  bare  LiV308, 
indicating  the  reversibility  of  15  wt.%  LiV3Os/PTh  composite  is 
much  superior  to  that  of  bare  UV3O8. 

Fig.  9  shows  the  three-dimensional  Nyquist  plots  of  UV3O8  and 
15  wt.%  LiV30s/PTh  composite  after  different  cycle  number  around 
3.2  V.  The  EIS  were  recorded  at  room  temperature  during  1st  to 
50th  discharge-charge  cycles.  The  shapes  of  the  Nyquist  plots  for 
each  cycle  are  similar.  It  can  be  found  that  all  of  the  plots  are  mainly 
composed  of  one  semicircle  in  the  high  frequency  region  and 
sloping  line  in  the  low  frequency  region.  The  impedance  spectra  are 
fitted  using  the  equivalent  circuit  model  (See  Fig.  9c),  and  the  fitted 
impedance  parameters  are  listed  in  Table  1.  The  fitting  data  are  in 
good  agreement  with  experimental  data  as  shown  in  Fig.  9a  and  b. 
The  equivalent  circuit  model  includes  Rs,  a  constant  phase  element 
(CPE)  associated  with  the  interfacial  resistance,  and  the  semi-circle 
is  correlated  with  the  lithium  charge  transfer  resistance  at  the 
interface  Rct.  The  linear  portion  is  designated  to  Warburg  imped¬ 
ance  (Wi),  which  is  attributed  to  the  diffusion  of  lithium  ion  into 
the  bulk  of  the  electrode  materials.  Rs  includes  the  ionic  resistance 
of  the  electrolyte,  the  intrinsic  resistance  of  the  active  material,  and 
the  contact  resistance  at  the  interface  active  material/current  col¬ 
lector.  In  this  work,  the  difference  of  Rs  is  mainly  due  to  the  dif¬ 
ference  of  resistance  of  the  active  material.  It  is  clear  from  Table  1 
that  the  Rs  and  Rct  of  15  wt.%  LiV30s/PTh  composite  are  smaller 
than  those  of  IJV3O8,  indicating  that  15  wt.%  LiVsOs/PTh  composite 
has  higher  conductivity  than  LiV308.  The  Rct  of  LiV308  is  137.6  Q 
after  one  cycle,  and  this  value  increases  to  495.6  Q  after  50  cycles. 
However,  the  Rct  of  15  wt.%  LiV308/PTh  composite  is  58.58  Q  after 
one  cycle,  and  this  value  only  increases  to  117.9  Q  after  50  cycles. 
It  is  well-known  that  the  lower  increase  of  impedance  during 
cycling  means  lower  polarization,  which,  in  turn,  indicates  good 
cycling  behavior.  These  results  are  in  good  agreement  with  the 
charge— discharge  performance  shown  in  Fig.  7. 

Insertion  and  extraction  of  lithium  ion  in/from  cathode  mate¬ 
rials  during  charge— discharge  process  are  the  main  electrode 
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reaction  for  LIBs.  Thus,  the  lithium  ion  diffusion  coefficient  is  one  of 
the  most  important  kinetic  characteristics  in  electrode  materials. 
Therefore,  to  obtain  the  chemical  diffusion  coefficient  is  important 
for  research  the  effect  of  PTh  in  the  composite.  GITT  technique  was 
firstly  developed  by  Weppner  and  Huggins  to  determine  the 
diffusion  coefficient  of  lithium  ions  (Du)  in  electrode  active  mate¬ 
rials  in  Li3Sb  [47],  GITT  is  considered  to  be  a  reliable  method  to 
determine  the  diffusion  coefficient  of  lithium  ions  (DLi)  with  greater 
accuracy  for  compounds  with  varying  composition  or  voltage, 
which  has  been  extensively  used  to  calculate  the  value  of  Du  in 
electrode  materials  [48,49],  The  first  discharge/charge  GITT  curves 
of  LiV308  and  15  wt.%  LiV3C>8/PTh  electrodes  as  a  function  of  time  in 
the  potential  range  of  1.8-4.0  V  are  shown  in  Fig.  10a  and  b.  The  cell 
was  discharged  with  a  constant  current  flux  of  0.01  C  for  an  interval 
of  10  min  followed  by  an  open  circuit  stand  for  60  min  to  allow  the 
cell  voltage  to  relax  to  its  steady-state  value  (Es).  The  cell  voltage 
can  be  stabilized  to  a  value  after  60  min  open-circuit  stand  after 
each  current  flux,  as  seen  the  two  partial  GITT  curves  as  inserts  in 
Fig.  10a  during  both  discharge  and  charge  processes.  Fig.  10c  simply 
illustrates  a  single  step  of  GITT.  Fig.  lOd  shows  an  example  of  an  E 
vs.  t1^2  plot  recorded  for  LiV3Os  after  application  of  0.01  C  current 
pulse.  It  can  be  seen  that  in  the  time  domain  from  10  to  100  s,  the 
plot  is  roughly  linear  [50],  In  the  literatures  using  GITT  techniques 
[47],  the  time  range  of  10-100  s  is  identical.  The  slope  is  taken  from 
this  linear  range  to  calculate  Du.  On  the  basis  of  Fick’s  second  law  of 
diffusion  and  after  a  series  of  assumptions  and  simplifications,  the 
chemical  diffusion  coefficients  can  be  obtained  by  the  following 
equation  [47]: 


where  Dy  (cm2  s-1)  is  the  chemical  diffusion  coefficient  of  the 
mobile  specie,  Vm  (cm3  mol-1)  is  the  molar  volume  of  the  active 
materials,  F  is  the  Faraday  constant,  Io  (A)  is  the  applied  current,  S 
(cm2)  is  the  total  contact  area  between  the  electrolyte  and  elec¬ 
trodes,  Zj  is  the  number  of  charge  transfer,  and  L  (cm)  is  the  diffu¬ 
sion  length.  Based  on  Equation  ( 1 ),  the  diffusion  coefficients  lithium 
ions  calculated  from  the  GITT  curves  as  a  function  of  potential 
during  the  first  discharge  process  at  initial  open  circuit  cell  po¬ 
tentials  are  shown  in  Fig.  lOe.  The  size  of  the  data  points  are  within 
the  error  limit  of  estimation. 

It  is  found  that  the  Du  vs  potential  plots  show  several  minimal 
in  the  discharge  processes,  corresponding  to  the  potential  plateaus 
of  charge/discharge  curve  and  the  CV  peaks  (Figs.  7  and  8).  The  Du 
values  of  LiV308  are  in  the  range  of  3.57  x  10-9  to 
1.3  x  10-n  cm2  s-1  during  first  discharge  process  for  lithium  ions 
intercalation,  and  the  Du  values  of  15  wt.%  LiV3Os/PTh  composite 
are  in  the  range  of  1.3  x  10-9  to  3.7  x  10-11  cm2  s-1  during  first 
discharge  process.  These  results  are  of  the  same  orders  of 
magnitude  with  Du  values  reported  in  the  literature  [29],  Though 
the  Du  of  LiV3C>8  larger  than  15  wt.%  LiV3Os/PTh  above  2.9  V,  the 
Du  of  LiV3C>8  is  smaller  than  15  wt.%  LiV3Os/PTh  below  2.9  V. 
The  main  discharge  plateau  of  LiV3Os  is  below  2.9  V,  so  the  elec¬ 
trochemical  behavior  below  2.9  V  is  more  important  for  LiV3Os. 
Hence,  PTh  can  significantly  improve  the  lithium  diffusion  coeffi¬ 
cient  of  LiV3C>8,  which  is  may  be  due  to  that  the  PTh  coating 
provides  a  path  for  electrons,  and  smaller  particles  of  15  wt.% 
LiV3Os/PTh  induce  shorter  diffusion  distance  of  lithium  ions  and 
contribute  to  lithium  ions  diffusion.  With  the  increase  of  the 
lithium  diffusion  coefficient,  the  polarization  between  the  cathode 
particles  and  the  electrolyte  is  decreased.  Therefore,  15  wt.% 
LiV3Os/PTh  shows  much  better  cycle  performance  and  rate  capa¬ 
bilities  than  the  bare  LiV3Os. 


4.  Conclusions 

In  summary,  15  wt.%  LiV3Os/PTh  composite  has  been  success¬ 
fully  synthesized  via  an  in-situ  oxidative  polymerization  method. 
A  PTh  layer  with  a  thickness  of  3—5  nm  covered  on  the  surface  of 
LiV3C>8  particles  has  been  confirmed  by  HRTEM.  The  15  wt.%  LiV3Os/ 
PTh  composite  shows  much  better  cycling  performance  and  rate 
capability  compared  with  bare  LiV308.  The  15  wt.%  LiV308/PTh 
composite  shows  excellent  electrochemical  performance. 
The  discharge  capacity  of  15  wt.%  LiV3Os/PTh  composite  remains  as 
high  as  197.9  mAh  g-1  after  50  cycles  at  a  high  rate  of  3  C.  The 
excellent  electrochemical  performance  of  15  wt.%  LiV3Os/PTh 
composite  can  be  ascribed  to  PTh  coating,  which  could  enhance 
electronic  conductor,  decrease  the  charge  transfer  resistance, 
increase  the  lithium  diffusion  coefficient,  as  was  confirmed  by  CV, 
EIS  and  GITT  tests.  These  results  suggest  that  LiV3Os/PTh  composite 
is  one  of  promising  cathode  materials  for  LIBs. 
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